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Introduction
Efforts continue to improve wind turbine gearbox reliability across the industry. The most common failed components in wind turbine gearboxes are the rolling element bearings, particularly in the intermediate and high-speed stages [1] . The high failure rate and costs to repair are a large reliability concern for the industry. The most common bearing failure modes include micropitting, scuffing, and white-etching area cracks, not rolling contact fatigue [2] . White-etching area cracks are a mode of damage that can lead to a failure at 1%-20% of the predicted L10 bearing design life for conventional rolling contact fatigue [3] [4] [5] . There are several theories about the cause of white-etching area cracks, including hydrogen-induced embrittlement from lubricant decomposition, high stress and slip conditions, mechanical impact loading, and multiple influencing factors without one root cause. There is general agreement in the industry that operational conditions prevalent in wind turbines, such as unsteady wind and gusts, braking, generator misalignment, and grid faults, will lead to disturbed bearing kinematics, loading, and lubrication [6] . When rollers enter and leave the shifting load zone during such events, they are prone to sliding, which can lead to surface distress and damage.
Since 2007, the National Renewable Energy Laboratory (NREL) Gearbox Reliability Collaborative (GRC) has investigated gearbox motions, loads, and deflections through the modeling, analyzing, and testing of two 750-kilowatt (kW) gearboxes. Early efforts in Phase 1 and Phase 2 focused on planetary bearing and gear responses [7] . Currently, Phase 3 is focused on investigating loads experienced by the high-speed shaft (HSS), pinion, and supporting bearings due to the prevalence of similar failures in industry gearboxes [8] . To facilitate this, instrumentation was added and calibrated to measure the HSS bending and torque [9] , pinion tooth load distribution, and radial load distribution and temperature of the locating bearings [10] . Tests were conducted in late 2014 to study the impact of nontorque loads, generator misalignment, and transient field representative conditions [11] on these loads. The primary purpose of these efforts was to compare and, ideally, validate the standard assumptions and practices utilized in simple analytic and commercial modeling tools to measured data. In doing so, the tools can then be used with confidence by industry to investigate reliability issues on specific commercial gearboxes. A secondary purpose was to investigate operations, such as transient and braking events, that are likely to lead to the disturbed bearing kinematics, loading, and lubrication. However, in this respect the GRC drivetrain is somewhat limited in its applicability to modern variable-speed drivetrains because of its two-speed, directly gridconnected configuration. Even so, the GRC drivetrain is a valuable platform to investigate reliability issues.
An initial model-to-test comparison of GRC HSS and bearing loads was conducted [12] , limited to operation at full-speed and rated power with no rotor moments. Loads predicted by a simple analytic model and a commercial tool were compared to the measured bearing loads. The comparison showed good agreement between shaft torque and bending moments in the upwind section of the HSS and downwind bearing loads. This comparison was recently expanded, focusing on gearbox motion and HSS bending moments, torque, and pinion tooth loads in steady state across a range of power and rotor moments and generator misalignment conditions [13] . Torque, gearbox motion caused by rotor moments, and generator misalignment were found to increase the HSS bending moments near the locating bearings, but they had little effect on HSS pinion loads and bending moments near the HSS pinion. Fully validating HSS loads is a critical precursor to examining the HSS bearing loads, which are examined in this report. As an extension to these earlier efforts, this report documents a more comprehensive analysis examining the influence of HSS loads on bearing loads. Two versions of the analytical model are presented and compared to direct bearing load measurement and high-fidelity numerical models. The results are used to evaluate the efficacy of the models and instrumentation and their associated uncertainties and provide insights into stress fields that are important for understanding bearing failures.
Test Description
In this section, the relevant properties of the gearbox, HSS, and instrumentation are presented, followed by a discussion of the dynamometer testing conducted over two separate periods from December 2013 to April 2014 and from November 2014 to January 2015 [11] . The GRC gearbox and HSS instrumentation have previously been discussed in great detail [7] [8] [9] [10] [11] [12] [13] .
High-Speed Shaft
As shown in Figure 1 , the HSS was instrumented with strain gauges mounted in full-bridge arrangement at three axial locations. The two orthogonal shaft-bending moments are measured on either side of the high-speed pinion (locations A and B) and downwind of the tapered roller bearing (TRB) pair (location C). An additional set of gauges at location C measures the torque transmitted by the HSS. Shaft-bending and torque measurements were calibrated in-situ [9] . The HSS pinion was also instrumented with two full-bridge strain gauge arrangements for a total of eight measurements, spaced relatively equally along the gear facewidth. A model-to-test comparison of shaft bending, torque, and pinion load distribution was recently completed as a precursor to this report [13] . 
High-Speed Shaft Bearings
The HSS is supported by an NU 2220 E.M1.C3 cylindrical roller bearing (CRB) upwind of the gear mesh [14] and a close-coupled, very lightly preloaded 32222 J2 TRB pair mounted in an Oconfiguration downwind of the gear mesh [11, 12] . Only the TRBs were instrumented for this work, as they were easily removable and replaceable from the existing gearbox and they support both axial and radial loads. The TRBs have a 200 millimeter (mm) outer diameter, a bore of 110 mm, a total length of 56 mm, and weight of 20 pounds. The TRBs have 20 rolling elements at a 16° taper angle and their radial static load capacity is 570 kilonewtons (kN).The CRB supports primarily radial load and its outer race would have been very difficult to remove from the existing gearbox, so it was not instrumented in this work.
To facilitate instrumentation of the TRBs, four equally spaced axial grooves were machined in their outer rings. The grooves were cut at an angle that matches the taper angle of the outer ring, with a maximum depth of 10 mm at the thick end and a width of 15 mm. The axial grooves allow for the actual placement of the gauges, but also serve the purpose of increasing the local strain field to improve gauge response. A 5 mm wide by 4.2 mm deep circumferential groove was also machined in the outer ring to allow for routing of the wiring to one location, which serves as the
Upwind TRB Downwind TRB exit point from the bearing face out through the gearbox housing. Finally, a small hole was machined in the thick end of each outer race so that a pin could be installed between each bearing, serving as a key. Strain gauges installed on the TRB outer rings measure radial loads in the remaining "bridge" of bearing race material as the rollers move underneath it and deflect it. Gauge pairs, wired in a Poisson half-bridge configuration, are located at two different axial locations in each of the four grooves for a total of eight gauge pairs per bearing. The axial locations are at 9 mm and 24 mm from the thick end of the 46 mm wide outer race, equating to measurements at 20% and just over 50% of the bearing outer race width as shown in Figure  2 .Additionally, a resistance temperature detector (not shown here) measures the outer ring temperature. The two axial locations provide an indication of the load distribution across the axial width of the ring. The axial locations were selected to be well within the contact area between the roller and ring, while still providing enough room for the wires between the ring and the gearbox housing. The four circumferential locations provide a coarse indication of the load zone distribution around the bearing outer ring. Instrumenting both the upwind and downwind TRBs gives an indication of the load share between the TRBs. The bearing strain gauges were calibrated in a special fixture representative of the gearbox housing and HSS [10] prior to mounting the bearings on the instrumented HSS and installing the assembly into the gearbox for dynamometer testing [11] [12] .
Dynamometer Testing
The National Wind Technology Center (NWTC) 2.5-megawatt (MW) dynamometer test facility was used for Phase 3 testing to enable load application to the GRC drivetrain under controlled conditions. The Phase 3 test program included steady-state and transient test conditions [11] . This report is limited to the steady-state conditions for various combinations of torque, rotor moments, and misalignment of the generator [13] . All tests discussed herein were conducted while the drivetrain was operating at the full speed of 1800 revolutions per minute (rpm) on the HSS. In all cases, the HSS data were acquired at 2 kilohertz (kHz) for 1 second, equating to 30 shaft revolutions per acquisition.
Model Description
This section presents three different models used to examine HSS bearing loads for comparison to the measurements described in the previous section. The models are differentiated by their modeling complexity, the level of fidelity in predicting bearing loads, and ability to model timevarying or only steady-state conditions.
The first is a simple analytical model, which, through force and moment equilibrium at each instant in time, derives only the total bearing loads from measured shaft-bending moments and torque. The analytical model serves as an efficient mechanism to understand the underlying physical behavior of the system. The second is a SIMPACK multibody model, which represents the bearings as spring-damper elements. The specified bearing stiffnesses and predicted bearing displacements are then used to calculate the total bearing loads. The third and last is a Transmission3D, full-finite element model, which predicts the bearing load zone and contact pressure in addition to the total bearing load. The contact pressure within the bearings is of specific interest relative to the bearing white-etching area crack failure mode [5] .
Analytic Model
An analytical model was previously developed and initially examined in just one operational condition [12] . In this report, two variations of the analytic model are developed based on a key difference in how the locating bearing pair supports the HSS. In the analytic model, the HSS is supported by the generator coupling and a number of bearings, each of which is treated as an unknown reaction. These unknown total bearing forces and moments are then determined by solving the force and moment equations satisfying static equilibrium at each instant in time using the measured shaft torque and bending moments. As such, it can be considered a quasi-static model. Initial model assumptions are:
• The HSS is rigid and its weight is negligible
• The CRB does not carry a bending moment or react axial force
• The generator coupling reacts only moments.
The following sections describe the assumptions relating to the locating bearing pair for each model variation. The locating bearing pair, as a unit, reacts the axial and radial mesh forces as well as bending moments arising from the mesh forces and external influences from the generator coupling.
Locating Bearing Pair Modeled as a Single Element
In the first model variation, the locating bearing pair is modeled as a single element, so it is not possible to predict the load share between the TRBs. This element supports axial and radial forces as well as bending moments. The free-body diagram of the HSS for this variation is shown in Figure 3 . Note these are the forces and moment applied to the HSS itself. For example, the HSS rotates in the clockwise (+x) direction and supplies positive torque to the generator; however, the generator resists with an equivalent torque in the counterclockwise (-x) direction.
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications. The 10 unknowns can be solved from the 10 equilibrium equations that can be written: torque equilibrium, force equilibrium in three directions, and moment equilibrium at the three locations (C, A, and B) in two directions. Beginning with torque equilibrium, the mesh force is: 
Moment equilibrium at location C yields the moments applied by the generator coupling and brake disk weight. These moments result primarily from any static and operational misalignment [13] . Similar to the torque, all the measured moments are in terms of those applied to the HSS.
Moment equilibrium at location B yields the CRB reactions:
Axial force equilibrium and moment equilibrium at location A yields the TRB reactions:
Locating Bearing Pair Modeled as Individual Elements
In the second model variation, the locating bearing pair is modeled as individual bearing elements. In this formulation, additional assumptions about the behavior of the locating bearing pair are required to achieve a tractable solution. Those assumptions are:
• The upwind TRB does not carry any axial load, because it is not restrained by the housing due to a manufacturing error [13] .
• The TRBs do not carry bending moments, because their radial stiffnesses are much greater than their tilting stiffnesses [13] .
As a result, the load share between the TRBs can be determined with this analytic formulation, but it is subject to the validity of these assumptions. The resulting free-body diagram of the HSS for this variation is shown in Figure 4 . The 10 unknowns can again be solved from the 10 equilibrium equations that can be written. The torque equilibrium, mesh forces, generator reactions, and CRB reactions are identical to the first formulation. The reactions at the upwind TRB are:
The reactions at the downwind TRB are:
The downwind bearing supports all the axial gear mesh load, so equation (13) is identical to equation (6) even though the nomenclature is slightly different.
Gearbox Properties for the Analytic Model
For each model, the properties of the GRC HSS are L = 775 mm, Rb = 53.0727 mm, α = 20°, φ = -1 and β = 14º. The points of action of the bearings are LCB = 33-millimeters (mm), LUW = 333.5 mm, and LSP = 79 mm. The instrumentation locations are LA = 260.5 mm, LB = 88.5 mm, LC = 298 mm [9] . Unique to this formulation is the angle γ, which is the direction of the line of action connecting the base circles between the intermediate high-speed gear and the high-speed pinion relative to the vertical (+z) axis. This angle determines the magnitude and direction of the mesh vertical and lateral forces and can be determined from the gearbox housing and high-speed pinion drawing of each gear. For the GRC gearbox, γ = -10.207º, as shown in Figure 5 . 
Multibody Model
A multibody model of the GRC gearbox was previously developed in SIMPACK [12] . A more detailed model of the HSS, gearbox bushings, and generator coupling was also developed and compared to the experimental data [13] . For completeness, additional details of the bearing stiffnesses are presented along with sample results in this section.
High-Speed Shaft
The HSS is modeled as shown in Figure 6 as a hollow, circular structure defined by a nodebased, nonlinear, finite difference approach. Each section of the shaft is defined by its cross section connecting the two nodes with 6 degrees of freedom per node. Twenty-two nodes were used to define the HSS, which was supported at the mesh interface and the three bearing force elements. Node 1 represents the HSS pinion and intermediate gear mesh. Nodes 8, 9, and 21 represent the locations of the TRB pair and the CRB. Node 16 is the location brake disk and generator coupling. Nodes 3, 10, and 18 are the locations of the strain gauges at A, C, and B. 
High-Speed Shaft Bearings
The bearings were modeled as viscoelastic spring-damper elements, with clearance and stiffnesses defined using a force-displacement relationship. A parametric study was completed to determine the stiffness characteristics of the HSS bearings. The point of action of the downwind TRB was assumed to be at its front edge (386 mm), the CRB stiffness factor was chosen as x10, and the upwind TRB stiffness factor was chosen as 0.1. The final HSS bearing model characteristics are listed in Table 1 [13]. 
High-Speed Shaft Torque and Bending Moments
The SIMPACK model predicts HSS torque relative to the input main shaft torque measured during each test. HSS torque is the primary factor driving HSS forces and bending moments and the HSS bearing loads, so accurate prediction of torque is of interest. Figure 7 compares the torque over one shaft revolution at the different power levels [13] . As expected, the shaft torque increases linearly from nearly zero with the generator offline to 4.25 kNm at rated power. Although the SIMPACK results have an essentially constant magnitude over the shaft revolution, the experimental measurements show a consistent ±0.4 kNm variation (±10% of full power). Neither the main shaft input torque nor speed shows a similar variation, so they are not the cause of it. A possible source for this variation has been hypothesized as tooth-spacing errors on the pinion [15] . Regardless of its source, this HSS torque variation is expected to drive a similar magnitude variation in HSS shaft and bearing loads. A comparison of the measured and predicted bending moments in pure torque conditions is shown in Figure 8 . The bending moments near the HSS pinion, locations A and B, increase linearly with power. This is expected, as the gear mesh contact forces increase linearly with power and greatly influence the loading behavior in the immediate vicinity of the pinion. This bending moment is also nearly constant over the shaft revolution. The measured bending moment at location C, in contrast, only changes slightly with power. The main contributor to this bending moment is due to the moment of 0.4 kNm induced by the brake disk and generator coupling weight [13] and is affected to a lesser extent by gearbox motion as torque is applied. The variation over the shaft rotation is on the order of ±0.3 kNm as a result of the generator coupling. The SIMPACK model predicts a near-constant moment over the shaft revolution, increasing slightly with power because of the additional gearbox motion-induced moment. 
Finite-Element/Contact Mechanics Model
Transmission3D is a linear finite-element/contact mechanics program designed for the analysis of multimesh gear drivetrains and can model the entire drivetrain as deformable bodies. Efficient modeling of gear and bearing contact mechanics is a feature of Transmission3D. Traditional finite-element programs are ill-suited for this application because the contact area is orders of magnitude smaller than the dimensions of the contacting bodies. The contacts are also influenced by microgeometries on the scale of microns. Modeling these features would require a highly refined finite-element mesh over the entire contact zone or would require the localized contact elements to be remeshed at each rotating position because the contact area moves across the body as it rotates. Either approach greatly increases computation time. Transmission3D computes these contacts relatively efficiently by utilizing a hybrid algorithm of finite elements to predict far field displacements and a Green's Function model to predict relative displacements local to the contact region [16] .
The Transmission3D model of the HSS is shown in Figure 9 . The gears, bearing raceways, and rollers were modeled using finite elements. Crowning on the bearing rollers and races, clearance, and preload were included. The brake disk weight is included in the model. Operational misalignment occurring at higher torques is not included; however, the additional bending moments applied to the downwind end of the HSS are small compared to the bending moments due to the gear mesh force [13] .The Transmission3D model was also used to design the grooves in the TRBs, and predicted strain levels were compared to initial measurements [13, 17] . A comprehensive comparison of predicted bearing load zones with measured data, along with examination of bearing stresses, is the primary goal of this work. 
Results
This section presents the model-to-test comparison for the HSS bearing loads, including the load zone and total load for each bearing. Steady-state operation at different load levels is examined first, along with the effect of nontorque loads and generator misalignment on the HSS bearings. For the models, the average torque and nontorque loads measured during the tests were used as input conditions. The section concludes with an examination of the bearing stresses for the GRC gearbox as they relate to bearing axial cracking.
Bearing Load Zones
A discussion of the processing of the bearing direct measurements is presented first, followed by a comparison of the resulting bearing load zones to the Transmission3D finite element model. The bearing load zones are then used to determine the total measured bearing loads that are compared to the SIMPACK and analytical models.
Bearing Strain and Load Measurements
The strain measurement that results when the bearing rollers pass beneath the strain gauges mounted on the outer raceway is a sinusoid-like signal. A 0.1-second portion of two strain measurements at full power is shown in Figure 10 . The measurements are at the 20% bearing axial width and 90° circumferential location for the downwind TRB, and 50% width and 0° circumferential location for the upwind TRB. Each individual peak occurs when a roller passes underneath the strain gauge, while a valley occurs when the rollers are equidistant from the strain gauge. In addition to the high-frequency sinusoid, there is a much lower frequency variation related to the HSS rotational speed. For the downwind bearing, the signal maximum is relatively constant but the minimum is not. For the upwind bearing, both the maximum and minimum vary at approximately the once-per-revolution frequency of the HSS (30 Hz, or three times per 0.1 second). These variations are likely to be related to the 10% variation in measured HSS torque shown in Figure 7 .
Figure 10. Example downwind (left) and upwind (right) TRB strain gauge measurements
The first step in the signal processing is to calculate the peak-to-valley amplitude (range). The ranges for the same two bearings are shown in Figure 11 over the full 1-second acquisition. Note that processing effectively downsamples the data from the 2,000-Hz acquisition rate to the 255-Hz outer race roller pass frequency for the bearing. The processed ranges are then converted to load, in kN, at each circumferential location by applying a calibration factor and offset as shown in Figure 12 [10] . The loads can only be calculated at the outer race roller pass frequency. The mean loads for these circumferential locations are 8.0 and 3.6 kN, but there is significant timevariation in the loads. This time variation in the direct measurement is one source of uncertainty in determining the total measured bearing load. Figure 11 and Figure 12 indicate that some amount of time averaging is required to determine the bearing load; that is, it is unlikely the measured bearing load can be calculated at every instant in time. 
Bearing Load Zone Measurements
The mean load measured during each 1-second acquisition is compared to the Transmission3D model in Figure 13 to Figure 15 for offline, 50% power, and 100% power conditions, respectively. Each figure is shown when viewed from upwind, with the HSS rotating in the clockwise direction. In each case, the test condition was with no nontorque load applied to the gearbox and no induced generator misalignment. Two sets of experimental measurements are shown on each plot, corresponding to the two axial locations. Multiple data acquisitions are shown for each condition. In this case, the test acquisitions occur before and after large main rotor pitching moments were applied to the drivetrain, resulting in some amount of residual operational misalignment due to hysteresis in the gearbox elastomeric bushings [13] .
Overall, the agreement between the model and experimental results is good for both bearings. The load zone is very small in offline conditions and grows as torque is applied, as expected. In each case the upwind TRB has only a few rollers in contact, whereas the downwind TRB has all rollers in contact. This is primarily because the gear-mesh force pulls the shaft upwind, resulting in an axial load that is reacted by the downwind bearing. Thus, the downwind bearing is reacting both axial and radial loads, while the upwind bearing is primarily reacting only a radial load. The unequal load sharing between the two bearings also has other contributing factors. The TRB pair was designed with very little preload, provided only by small springs located between the outer races. This effect is evident in both bearings in offline conditions as shown in Figure 13 , where there is very little measured load. It should be noted that although the generator was offline, there is a small amount torque in the HSS due to frictional losses and bending in the HSS due to brake disk weight. Additionally, the gearbox housing has a manufacturing error in the counterbore, so the upwind bearing is not retained axially [9] . This is the likely explanation of the large amount of variability in the upwind bearing measured load zone in offline conditions. As 50% power is applied in Figure 14 , the effect of the gear-mesh force dominates the shape of the load zones. The effect of the mesh force is most apparent in the upwind TRB load zone. As shown in Figure 5 , the gear-mesh force line of action is γ = -10.2° (or 349.8°). For this bearing, only the strain gauges at the 0° circumferential location experience any load. The upwind TRB strain gauges at 90°, 180°, and 270° experience essentially no load at all. Likewise, the Transmission3D model shows only the area from approximately 315° to 15° is loaded.
Figure 14. Downwind (left) and upwind (right) TRB load zones at 50% power
Because the downwind TRB supports both radial and axial loads, its load zone is elliptical in shape. This is indicated by both the measurements and the Transmission3D model and is most evident at 100% power as shown in Figure 15 . Although the downwind TRB load zone is quite large, it is almost centered on the origin and symmetric, indicating that the total radial load it supports is relatively small. At full power for the downwind TRB, the 20% and 50% strain gauge measurements are significantly different at the 90° circumferential location. This indicates that the bearing race tilted during operation because the small preload cannot limit the relative motion between the rollers and raceways. The Transmission3D model predicts roughly the average of the two measurements at this location. The upwind TRB load zone is smaller; however, it is not centered at the origin so the bearing supports a significant radial load from the gear mesh. 
Measured Load Zone Shape Estimation
The four circumferential measurement locations around each TRB provide only a coarse description of the load zones. These load-zone measurements can be directly compared to the Transmission3D model as discussed in the previous section; but, to calculate the total bearing forces for comparison to the SIMPACK and analytic models, the total load-zone area and loadzone center must be calculated. The four circumferential measurements are too coarse to be simply connected and integrated, as the resulting area results in an unacceptable amount of uncertainty. A more realistic overall shape of the load zone must be assumed for integration purposes.
Based on the Transmission3D model results shown in the previous section, an elliptical shape is assumed and used to integrate the direct measurements and calculate the total bearing loads in this section. The ellipse is curve-fitted to the average of the 20% and 50% measurements at each circumferential location. Elliptical fitting with these measurements proved to be challenging. Examples of this fitting process are shown in Figure 16 and Figure 17 . As shown in Figure 16 , the ellipses fitted to the average measured loads have similar shapes and amplitudes as the earlier Transmission3D load-zone predictions. Moreover, the principal axis of the upwind TRB ellipse nearly aligns with the direction of the HSS pinion mesh force shown in Figure 5 . And yet, the ellipses fitted to the average measured loads shown in Figure 17 exhibit entirely different orientations and sizes than the Transmission3D model. These unrealistic ellipses result from an insufficient number of data points around the circumference. Additional measurements at 45°,135°, 225°, and 315° would have increased the accuracy of the ellipse-fitting process. The ellipse-fitting process thus adds an additional component of uncertainty in calculating the total bearing load, which varies with the quality of the fit.
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
Figure 17. Unrealistic downwind (left) and upwind (right) TRB load-zone estimates
After the load-zone ellipse has been fitted to the average measured load, the total vertical, lateral, and axial loads can be calculated. The vertical and lateral loads are then combined into a total radial-load magnitude for comparison to the models. The magnitude of the axial and radial loads acting on the bearings is of the most interest.
Bearing Radial and Axial Loads
In this section, a process for time averaging the experimental data into the total TRB radial and axial loads is described. The resulting directly measured TRB axial and radial loads will be examined and compared to the four different models described earlier: the two variants of the analytic models, the SIMPACK model, and the Transmission3D model. The CRB radial load calculated from the analytic models will also be compared to the SIMPACK and Transmission3D models.
In each case, the bearing-load variation over the HSS revolution is examined because the measured HSS torque contains a ±10% variation as shown in Figure 7 . Therefore, the bearing load from the analytic models will also contain a natural variation. However, the SIMPACK and Transmission3D models, in this work, are steady-state models and will not display such a characteristic.
Bearing-Load Time Averaging
As shown in previous sections, there are actually three sources of uncertainty in processing the measured bearing strain into total bearing loads: the time variation in the measured torque, the time variation in the load measurement at each circumferential location, and the load-zone ellipse fitting. The best means to reduce all of these uncertainties is time averaging.
A sensitivity study was thus performed to find the optimal time duration for time averaging of the bearing-load measurements into the total bearing loads. In steady-state conditions, the longer the time average, the lower the uncertainty in the total bearing load will be. However, measurement of the bearing loads in transient or other operational conditions prone to bearing sliding is of significant interest relative to the bearing white-etching area crack failure mode [5, 18] . Therefore, a shorter time average that yields the most consistent results is desired for this and future transient studies. The time-averaging sensitivity study was conducted as follows, considering only the 100% power condition. The bearing load at each axial and circumferential location was first calculated as shown in Figure 10 , Figure 11 , and Figure 12 (note that each point corresponds to a roller passing over the bearing outer race). The average load of the two axial measurements at each circumferential location was calculated and the load-zone ellipse was then fitted similar to Figure 16 , but at each roller passage over the bearing outer race. From the load-zone ellipse, the total TRB radial loads were calculated, again for each roller passage. Thus, in each 1-second data acquisition, the loads were calculated at the outer-race roller passage frequency of 255 Hz, or 255 times for each acquisition. The resulting time histories of the TRB radial loads are shown in Figure 18 . The average loads for the downwind and upwind TRBs are 16.7 kN and 23.8 kN, respectively. The downwind radial load contains more variability than the upwind load. This is primarily related to the load-zone ellipse fitting error shown in Figure 17 . The processed radial-load data shown above were then parsed into multiple bins containing a specified number of roller passes in each bin. For each bin, the mean load was calculated. Then, the standard deviation of all the mean loads in the full 1-second data sample was calculated. This process was repeated for varying bin widths, from 2 to 80 roller passes. The standard deviations of the radial load for each TRB are shown in Figure 19 . As described earlier, of interest is the shortest time-averaging period yielding the lowest reasonable standard deviation. As evident in the figures, the standard deviation rapidly decreases as the number of roller passes in each bin increases. For bin widths greater than 10 roller passes, the standard deviation does not decrease significantly. Therefore, 10 roller passes (equating to a 0.04-second sample) were selected as the period of time averaging for all load processing in the following discussions. The resulting binned time histories of the TRB radial loads for the full power condition are shown in Figure 20 . That is, Figure 20 is similar to Figure 18 , but it has been fully time averaged to reduce the level of uncertainty in the radial-load measurements. Overlaid on the figures are grey bars equal to the mean load and ±1 standard deviation, representing the typical range of radial load. The average radial loads for the downwind and upwind TRBs are still 16.7 kN and 23.8 kN, respectively, whereas the standard deviations are 5.7 kN and 1.0 kN. Aside from one excursion in the binned data points for the downwind TRB caused by load-zone ellipse fitting, the binned data almost entirely falls within the grey area. Note that for a bin width of 10 roller passes, there are now only 25 processed radial-load points per 1-second acquisition. The HSS rotates at 30 Hz, or 30 times per second; therefore, there are 1.2 HSS revolutions per bin. Thus, it is not possible to associate a binned data point to a particular HSS azimuthal location. In the following figures, the grey bars, representing the typical load range, will be used to compare the measured bearing loads to the models over the HSS rotation rather than the individual binned data points in time.
TRB Individual Radial Loads
The assumption that the TRBs act as individual elements as described in section 3.1.2 yields the TRB individual radial loads shown in Figure 21 at 100% power. Although the analytic model contains the once-per-revolution variation from torque, its average is comparable to the direct load measurement. However, for this case, the other models do not compare quite as well to the experimental measurements. The Transmission3D loads are lower than the measured results, while the SIMPACK results are higher for the downwind TRB load and significantly lower for the upwind TRB load. 
TRB Pair Axial Load
The total TRB axial load is shown in Figure 22 for only the full power condition. For the SIMPACK and Transmission3D models, the total axial load is the sum of the axial load for each TRB. For the experimental results, the axial load is calculated as a fraction of the radial load using the 16° taper angle of the bearing [10] . Overall, the agreement is good between the experimental measurements and the models. The theoretical axial-mesh load is 18 kN, which is very close to the SIMPACK and Transmission3D results. However, the analytical and experimental measurements are slightly lower at approximately 13 kN. It is possible that friction in the system contributes some axial load, or that the generator coupling is actually supporting a small amount of axial load. 
TRB Pair Radial Load and Moment
The assumption that the TRB pair acts as a single element as described in Section 1.1.13.1.1 yields the TRB radial load and moments shown in Figure 23 . The TRB pair radial loads for each of the models are comparable to the experimental measurement. The TRB pair radial load is approximately 30 kN, which is nearly 40% of the theoretical radial-mesh load of 78 kN. The TRB pair moments, however, display an interesting disparity. The analytic model shows that the TRB pair carries a bending moment of 6 kNm. However, the SIMPACK and Transmission3D models estimate a much smaller moment of 0.5 kNm. This could be caused by the low installed preload of the TRBs. Without sufficient axial preload, the bearing raceways could misalign during operation and the rollers contact the raceway edges as indicated in Figure 15 . The dislocated contact areas could cause the TRBs to react a larger bending moment than without raceway misalignment. Figure 24 shows the CRB radial load for the analytical, SIMPACK, and Transmission3D models. Although there is no direct measurement of the CRB radial load, comparison of the models can still provide some insight. The analytical model generally matches the SIMPACK and Transmission3D models. The CRB radial load at full power is approximately 45 kN, which is nearly 60% of the radial-mesh load of 78 kN. As the CRB is physically closer to the gear mesh than the TRB pair, the CRB carries the majority of the mesh load as expected. 
CRB Radial Load
Bearing Load Summary
A summary of the CRB and TRB pair radial loads is shown in Figure 25 . In this figure, only the average load for the entire acquisition is shown, rather than the variation in time or in the HSS azimuth. The bearing loads increase linearly with power, as expected, because the gear-mesh forces increase linearly with power. Across the range of power, the models compare favorably to the experimental measurements, with the exception of offline conditions. There, the loads are so low that uncertainty in the load-zone ellipse estimation is the dominating factor. 
Bearing Stresses
Understanding stresses in the bearing races is critical for the design and life prediction of gearboxes, for both rolling contact fatigue and bearing white-etching area cracks [5] . In this section, the HSS TRB inner and outer race surface contact pressures, subsurface shears, and subsurface von Mises stresses are investigated using the Tranmission3D model, which is the only tool considered in this study capable of predicting these stress fields. The stress fields were calculated in offline, 50%, and 100% power conditions. Figure 26 shows the bearing-race surface contact pressures for the downwind and upwind TRBs.
The maximum surface contact pressures increase linearly with power, and the inner race stresses are equal to or greater than the outer race stresses. As expected from the load zones shown in Figure 13 , Figure 14 , and Figure 15 , the downwind TRB has a much more constant load zone compared to the upwind TRB. Less than half of the upwind TRB races are loaded. The rollers in the upwind TRB are at a greater risk of sliding as they enter and exit the load zone at 60° and 270° than for the downwind TRB. Although the load zones are drastically different in size and shape, the maximum surface-contact pressures are similar for the bearings at full power. The maximum surface contact pressure of 900 megapascals (MPa) is less than the recommended limits for contact fatigue in the range of 1,300 to 1,500 MPa [19, 20] and for the development of white bands near 2,500 MPa [21] . The maximum subsurface von Mises and shear stresses are shown in Figure 27 and Figure 28 . Material yielding begins when the maximum von Mises stress is nearly half of the yielding strength. The subsurface stresses have similar shapes as the surface contact pressure, although the stresses are much lower. The maximum von Mises and shear stresses are 478 MPa and 255 MPa for the downwind bearing and 463 MPa and 248 MPa for the upwind bearing. These maximum stresses were found about 30 µm beneath the inner race surface, which equals 79% of the hertz semiwidth of the contact zone. These stress amplitudes were compared against several stress thresholds. The subsurface shear stress is less than the 400 MPa limit for the development of butterflies [21] . The subsurface von Mises stress is also less than the fatigue limit of 684 MPa for American National Standards Institute 52100 steel [22] . These comparisons indicate the TRBs are operating below the thresholds of these specific failure modes, at least when operating in steady-state conditions. 
Conclusions
Motivated by the prevalence of failures in HSS bearings of wind turbine gearboxes, the loads and stresses were examined in the HSS bearings of the GRC gearbox in this work. The HSS TRB bearing loads were measured during dynamometer tests for comparison to analytical and highfidelity SIMPACK and Transmission3D models of the GRC gearbox. In general, there was good agreement between the models and the experimental measurements across the full range of gearbox power and torque levels tested. Major observations from this validation exercise are summarized below:
• Bearing load zones. The direct measurement of the TRB loads at four circumferential and two axial locations around the bearing outer raceway correlated to the Transmission3D full-finite element model. However, with only four circumferential measurements, subsequent estimation of the measured load-zone shape was difficult. An additional two to four measurement locations would have improved the load-zone shape estimation.
• Bearing radial loads. The difficulties in load-zone shape estimation led to a higher than desired amount of uncertainty in estimation of the measured bearing radial load. Timeaveraging of the bearing radial loads over 10 roller passes (0.04 s) was used to reduce the amount of uncertainty in the near steady-state conditions tested. But, in very rapidly changing transient conditions, this would limit the comparability of direct measurements to models.
• Analytical model development. A simple analytic model was developed to efficiently calculate bearing radial and axial loads based on measured HSS bending and torque. Two versions were developed-one modeled the TRB pair as a single element and the other modeled the TRBs as individual elements. The radial and axial loads predicted by each approach were very comparable to the experimental data, although the torque variation has a strong influence on the analytical model results. Neither analytic model predicts bearing stresses nor the bearing load zone.
• High-fidelity models. Multibody and finite element/contact mechanics models served different purposes in this study, although both compute bearing loads. The multibody model produces a relatively fast solution for bearing loads but it does not present any information on the bearing load zones or stresses. The finite element/contact mechanics model requires significant computation time but it provides insight into the bearing load zone and stress fields at the contact surface and the subsurface.
For the GRC gearbox, in future work additional test cases, including generator misalignment and dynamic events such as grid disconnect and braking and their effect on bearing loads, will be examined. In the next phase of the GRC program, the HSS bearings of a commercial gearbox will be instrumented and tested in a field turbine to explore the loads, speeds, and other tribological factors in operation in relation to the bearing axial cracking failure mode [18] .
